Polysomes and other components of the translational the postsynaptic side of the NMJ in third instar larvae machinery are located at the bases of dendritic spines and is also expressed in larval neurons. Neuronal Pum in mammalian brain neurons, and a specific subset of regulates synaptic growth. In its absence, NMJ boumRNAs is localized to dendrites. These mRNAs encode tons are larger and fewer in number, while Pum over- , 1995) , and the resulting Pum-RNA complex subsequently recruits two additional cofactors, Nanos
and Brain Tumor, into a quaternary complex Wharton, 1999, 2001 ). This assembly then blocks translation by as yet unknown mechanisms (Chagnovich and Lehmann, 2001). The RNA binding PUF domain of Pum is shared by proteins in many species, and all other characterized PUF proteins are also posttranscriptional regulators of gene expression (Wickens et al., 2002) .
Pum has closely related human orthologs that are expressed in the brain (Spassov and Jurecic, 2003) . The functions of vertebrate Pums are unknown, but they can form complexes with a variety of other proteins. Interestingly, one of these is CPEB (cytoplasmic polyadenylation element binding protein), which controls translation of synaptic mRNAs (Nakahata et al., 2001 ). CPEB hypomorphic P element insertion mutation produces a hyperexcitability phenotype in larval motor neurons 1998), but it is unknown whether any pum allele is a (Schweers et al., 2002) . Similar hypomorphic pum alleles genetic null. In our experiments, pum Msc , in which the were found to affect associative memory formation in RBD coding region is intact, conferred weaker morphoadult flies (Dubnau et al., 2003) . Finally, a recent paper logical and electrophysiological phenotypes than the demonstrates that Pum is involved in dendritic morphoother mutant chromosomes. We found that there are genesis in larval peripheral sensory neurons (Ye et al., no pum alleles that are protein null in larvae; all pum 2004).
genotypes retain residual protein expression in both In this paper, we examine Pum's functions in neuroneurons and muscle (see below). muscular system development by analyzing pum lossWe stained dissected larval "fillet" preparations with of-function (LOF) phenotypes and characterizing its anti-PumN and anti-Pum-RBD, using fluorescent secexpression patterns. We show that Pum has distinct ondary antibodies and confocal microscopy for visualpre-and postsynaptic roles at the larval NMJ. In neuization, and compared staining between wild-type and rons, Pum regulates synaptic growth and morphology. two strong mutant genotypes, pum In muscles, Pum is localized to domains surrounding Lehmann, 1998), while the other (anti-PumRBD; rat) is NMJ boutons. Figure 2A shows Figure 2A1 ) can be recognonsense mutations within the RBD coding region, while nized by their larger size and higher level of Dlg exprespum Msc is an inversion with one breakpoint in the large sion relative to Is boutons (arrowhead in Figure 2A1 ). eighth intron of the pum gene. All three alleles produce Pum and Dlg appear to colocalize at both bouton types ( Figure 2A3 ). strong maternal phenotypes (Forbes and Lehmann, Figure  2D ). These panels show that under conditions where higher relative to Dlg at Is boutons ( Figure 2F) 1118 (wt; n ϭ 33), pum ET9 /pum ET7 mutants (et9/et7; n ϭ 29), neuronal Pum rescue larvae (neuronal rescue with FL-Pum; n ϭ 47), muscle Pum rescue larvae (muscle rescue with FL-Pum; n ϭ 18), and neuronal PumRBD rescue larvae (Elav-GAL4; pum ET9 / UAS-pumRBD, pum ET7 ; neuronal rescue with PumRBD; n ϭ 8). The difference between the average Ib bouton numbers in pum ET9 /pum ET7 and w 1118 is highly significant (p Ͻ 0.0001; Student's t test). (Right) Graph of type Ib bouton numbers in overexpression (OE) control (n ϭ 7) and neuronal Pum overexpression (labeled as neuronal Pum OE; n ϭ 6) larvae. The difference between the average bouton numbers in control and Pum overexpression larvae is highly significant (p Ͻ 0.0001; Student's t test). allow all of the eIF-4E aggregates at a muscle 6/7 NMJ to be visualized. Figure 4G is a single confocal slice of (Figures 4A and 5A; / pum ET7 larvae as described above. Expression of Pum and had eIF-4E levels that were only 36% lower than larvae from the same vial that were induced to move. in muscles of pum ET9 /pum ET7 mutants reduced the number of eIF-4E aggregates by 7-fold, to 3.5 aggregates These results imply that in the absence of Pum, postsynaptic eIF-4E expression is derepressed even without per NMJ (Figures 4F and 5A ). These numbers are between the values obtained for the two wild-type controls, induction of movement. indicating that rescue was essentially complete. Similarly, calculation of the amounts of eIF-4E at NMJs Genetic Interactions between pumilio and eIF-4E When eIF-4E expression is artificially elevated in musshowed that muscle expression of Pum reduced eIF-4E levels by 6.5-fold ( Figure 5B) Figure 5B ). In our experiments, eIF-4E aggregates were rarely muscle should suppress the phenotypic effects of eIF-4E overexpression. seen in wild-type larvae unless they were induced to move by transfer to solid media. If Pum is essential for
Postsynaptic Accumulation of the Translation
To test this, we found an MHC-GAL4 insertion that allows survival of F1 larvae after crossing to UAS-fullrepression of postsynaptic eIF-4E accumulation in less length Pum at 25ЊC. These Pum-overexpressing larvae 161-212) bound as tightly as the entire sequence (data not shown). To further characterize the specificity of displayed no significant change in Ib bouton numbers relative to controls ( Figure 5C ). To overexpress eIF-4E, this binding, we performed competition experiments, in which unlabeled wild-type hb NRE or the double point we crossed this same driver line to the UAS-eIF-4E line employed by Sigrist et al. (2000) . This produced an inmutant hb NRE RNAs were used to compete binding by labeled eIF-4E RNAs. Figure 6C shows such a competicrease in the number of type Ib boutons on muscle 6/7 as compared to the control (Ib bouton number in MHCtion experiment, using a 69 nt eIF-4E RNA (nt 161-230) and the intact Pum RBD (not fused to GST). Binding to GAL4; UAS-eIF-4E ϭ 85.1; control MHC-GAL4/ϩ ϭ 73.3; p Ͻ 0.001; Student's t test; Figure 5C ). This increase is this RNA is efficiently competed by wild-type hb NRE RNA but not by the mutant RNA, further indicating that smaller than that reported by Sigrist et al. (2000) but is still significant. binding to eIF-4E 3ЈUTR sequences is specific. Similar results were obtained in competition experiments with To test the effect of Pum on the eIF-4E gain-of-function phenotype, we simultaneously expressed fullthe 51 nt RNA and other 3ЈUTR fragments (data not shown). length Pum and eIF-4E in muscles using this driver and counted Ib boutons on muscle 6/7. We observed that
The eIF-4E 3ЈUTR sequences from Drosophila melanogaster and Drosophila pseudoobscura display signifithe increase in Ib bouton number conferred by overexpressing eIF-4E in muscle was completely suppressed cant similarity. The 51 nt Pum binding RNA sequence has a 24/51 match (one gap) between the two species by also overexpressing Pum (Ib bouton number in MHCGal4/UAS-Pum, UAS-eIF-4E ϭ 61.4, versus 85.1 in ( Figure 6D ). However, this sequence is not obviously related to that of the hb NRE. There are two UGU triplets, MHC-Gal4; UAS-eIF-4E; p Ͻ 0.0001; Student's t test). Ib bouton numbers in larvae overexpressing both eIFwhich are critical for Pum binding to hb sequences (Wharton et al., 1998) within the 51 nt sequence, but 4E and Pum were not significantly different from those in larvae overexpressing only Pum ( Figure 5C , while development. In this paper, we demonstrate that Pum has both presynaptic and postsynaptic functions at larpum ET9 /ϩ larvae do display such an increase. Furthermore, the mEJP amplitude and QC phenotypes of val NMJs. Neuronal Pum regulates the morphologies of presynaptic terminals. In its absence, Ib boutons are pum ET9 /pum ET7 are not rescued to near wild-type levels by neuronal, muscle, or dual expression of full-length larger and fewer in number, suggesting that they may have failed to separate from each other during growth Pum. Thus, it is unclear whether these phenotypes are due to loss of Pum or to genetic background effects. of the NMJ. Pum overexpression in neurons produces an opposite phenotype characterized by supernumerary The strongest rescuable electrophysiological phenotype that is observed in all pum mutant combinasmall boutons (Figure 3) . Pum is localized to the postsynaptic side of the NMJ tions is an increase in the frequency of spontaneous neurotransmitter release (gray bars in Figure 8C , traces (Figure 2) . In pum mutants, aggregates of the translation initiation factor eIF-4E accumulate at the NMJ, and this in Figure 8D ). mEJP frequency is elevated by 1.8-to 3-fold relative to heterozygote and wild-type controls in phenotype is rescued by restoring Pum to muscles (Figures 4 and 5) . The neurotransmitter receptor GluRIIa is three different pum genotypes (pum of synaptic mRNAs, and this would be consistent with its roles during early development. However, our data are also compatible with models in which Pum regulates Discussion mRNA stability, localization, or transport at synapses. Conceptually, local translation does not seem necesPumilio is a PUF domain RNA binding protein that represses translation of hb mRNA during early embryonic sary for synaptic regulation in the Drosophila neuromus-cular system, since NMJs are often close to muscle might be due to partial inactivation of Pum in response to motor activity. nuclei and the strengths of individual synapses within an Having observed this effect on eIF-4E aggregates in NMJ branch are not known to be separately controlled.
pum mutants, we examined Pum binding in vitro to the However, Schuster and his colleagues have provided eIF-4E 3ЈUTR and found that it contains at least one evidence that local translation does occur at the larval high-affinity site (Figure 6 ). We defined a 51 nt subfrag-NMJ. They suggest that it provides a mechanism to ment that binds selectively to Pum and showed that allow rapid assembly of postsynaptic elements under binding is effectively competed by wild-type hb NRE conditions where NMJs need to be strengthened within RNAs but not by mutant NREs that do not bind Pum a short time period (Sigrist et al., 2000, 2002, 2003) .
with high affinity. These results indicate that the accuIncreasing larval motility produces a rapid increase in mulation of eIF-4E that we observe at the NMJ in pum synaptic strength at the NMJ and causes the eventual mutants could be caused by an increase in the translaaddition of new boutons. These changes are associated tional efficiency and/or stability of eIF-4E mRNA when with the appearance of eIF-4E aggregates at NMJs ( aggregates, we stained pum mutant larvae for GluRIIa. ers, such as altering the levels of PABP or eIF-4E or
We observed a dramatic increase in the number and introducing dunce mutations, were reported to produce intensity of receptor puncta (Figure 7 ). This result sugincreases of Ͻ3-fold in the number of eIF-4E aggregates gests that synaptic GluRIIa mRNA may be translated (Sigrist et al., 2000) . This suggests that eIF-4E expresmore efficiently or is more stable at NMJs lacking sion may be maximally derepressed when Pum is pum function. absent.
When examined by electrophysiology, pum mutant Pum is required for repression of eIF-4E accumulation NMJs display elevated mEJP frequencies, suggesting at the NMJ in less motile larvae (those maintained in that the extra GluRIIa puncta seen in these larvae may liquid slurry food), because pum mutants have large also define additional active zones. The increase in numbers of eIF-4E aggregates both before and after mEJP frequency (2-to 3-fold) seen in pum mutants (Figtransfer to solid media and in the evoked response in a pum mutant in which Pum It is interesting to speculate that the motility-induced had been restored to neurons ( Figure 8A ).
We did see an increase in the number of Is boutons appearance of eIF-4E aggregates in wild-type larvae in pum mutants, and this phenotype was rescued by In summary, Pum-mediated posttranscriptional regupostsynaptic Pum expression ( Figure 5D ). Since Is boulation is likely to be important for synaptic morphology tons were particularly rich in GluRIIa puncta in pum and function in both larvae and adults. Pum has distinct mutants (Figure 7) 
